Introduction {#tca12976-sec-0005}
============

In recent years, the incidence of lung cancer has grown rapidly,[1](#tca12976-bib-0001){ref-type="ref"} and it is the most common cause of cancer‐related death. There are two classes of lung cancer: small cell lung cancer (SCLC) and non‐small cell lung cancer (NSCLC). SCLC represents approximately 15% of all lung cancer cases, with a 7% five‐year survival rate.[2](#tca12976-bib-0002){ref-type="ref"}, [3](#tca12976-bib-0003){ref-type="ref"} Since the 1980s, systemic chemotherapy with a platinum and etoposide combination remains the most commonly used frontline treatment of extensive‐stage SCLC. Although response rates to first‐line therapy are extremely high (approximately 60--65%), patients' outcomes remain poor (a modest median overall survival of approximately 10 months).[4](#tca12976-bib-0004){ref-type="ref"}, [5](#tca12976-bib-0005){ref-type="ref"}, [6](#tca12976-bib-0006){ref-type="ref"} Doctors have no available treatments for those patients, so it is critical to identify new targets to help those who are suffering from SCLC.

Adjudin (AF‐2364; Fig [1](#tca12976-fig-0001){ref-type="fig"}a), a potential non‐hormonal male contraceptive drug,[7](#tca12976-bib-0007){ref-type="ref"}, [8](#tca12976-bib-0008){ref-type="ref"}, [9](#tca12976-bib-0009){ref-type="ref"}, [10](#tca12976-bib-0010){ref-type="ref"} mediates adherens junction disruption at the Sertoli‐germ cell interface and is a potential non‐hormonal male contraceptive.[8](#tca12976-bib-0008){ref-type="ref"}, [11](#tca12976-bib-0011){ref-type="ref"}, [12](#tca12976-bib-0012){ref-type="ref"}, [13](#tca12976-bib-0013){ref-type="ref"}, [14](#tca12976-bib-0014){ref-type="ref"} Recently, studies have found that it also plays significant roles in other fields, such as ischemia stroke,[15](#tca12976-bib-0015){ref-type="ref"} multidrug‐resistant cancers,[16](#tca12976-bib-0016){ref-type="ref"} prevention of gentamicin ototoxicity,[17](#tca12976-bib-0017){ref-type="ref"} and anticancer.[2](#tca12976-bib-0002){ref-type="ref"} Our predecessors found that Adjudin had anticancer effects in prostate cancer, glioma, and NSCLC.[2](#tca12976-bib-0002){ref-type="ref"} However, its effect on SCLC has never been studied, so thorough research should be carried out.

![Adjudin displayed good anticancer activity in human small‐cell lung cancer cell lines. (**a**) The chemical structure of Adjudin. (**b**) Cell viability of NCI‐H446 or DMS114 cells was examined by Cell Counting Kit‐8 assay as described after being treated with different concentrations of Adjudin (0, 20, 40, 60, 80, 100 μM) for up to 72 hours (![](TCA-10-642-g010.jpg "image")) 24 hours, (![](TCA-10-642-g011.jpg "image")) 48 hours, and (![](TCA-10-642-g012.jpg "image")) 72 hours (one‐way [anova]{.smallcaps} test). (**c**) Scratch and (**d**) Transwell assays were conducted to access cell migration and invasion after cells were treated with Adjudin (40 μM) or vehicle (dimethyl sulfoxide) for 24 hours (one‐way [anova]{.smallcaps} test). (**e**) NCI‐H446 and DMS114 cells were treated with or without Adjudin (40 μM) for 24 hours, and then EMT‐related proteins (E‐cadherin, N‐cadherin, and vimentin) were analyzed by western blotting (Student\'s *t*‐test). Data were representative of three independent experiments. Data are presented as the mean ± SD of triplicate experiments; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; scale bar, 100 μm. (![](TCA-10-642-g013.jpg "image")) Vehicle, and (![](TCA-10-642-g014.jpg "image")) Adjudin (μM)](TCA-10-642-g001){#tca12976-fig-0001}

Sirtuin 3 (SIRT3), one of the NAD^+^‐dependent deacetylases[18](#tca12976-bib-0018){ref-type="ref"} that regulates cellular proliferation and differentiation, metabolism, and response to stress, has been reported as a therapeutic target in cancer.[18](#tca12976-bib-0018){ref-type="ref"}, [19](#tca12976-bib-0019){ref-type="ref"}, [20](#tca12976-bib-0020){ref-type="ref"} Forkhead box O3 (FOXO3a,), also known as FOXO3, is a human protein encoded by the *FOXO3* gene; it has effects on DNA repair, which may regulate the resistance of cells to stress and affect the lifespan of the organism.[21](#tca12976-bib-0021){ref-type="ref"} However, how SIRT3 and FOXO3a work in SCLC has never been studied.

In the current study, we first reported that Adjudin synergizes with paclitaxel and functions in SCLC through the SIRT3--FOXO3a axis.

Methods {#tca12976-sec-0006}
=======

Cell culture and reagents {#tca12976-sec-0007}
-------------------------

NCI‐H446 and DMS114 (human SCLC) cell lines purchased from ATCC (Rockefeller, MY, USA) were cultured in RPMI‐1640 (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gemini, West Sacramento, CA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen, Carlsbad, CA, USA). They were incubated at 37°C in an atmosphere of 5% CO2. Adjudin was provided by Dr C Yan Cheng of the Mary M Wohlford Laboratory, Population Council, New York, USA. It was dissolved in dimethyl sulfoxide (Sigma Aldrich, St. Louis, MO, USA) and stored at −80°C for *in vitro* studies.

Cell Counting Kit‐8 assay and IC50 calculation {#tca12976-sec-0008}
----------------------------------------------

Cell proliferation in the presence or absence of different concentrations of Adjudin was determined by Cell Counting Kit‐8 (CCK‐8) assay kit (Yeason, Shanghai, China). Cell suspensions of NCI‐H446 (2500 cells) or DMS114 (2 × 10^4^ cells) in a total volume of 100 μL were seeded into individual wells (*n* = 5) of 96‐well plates. After treatment, 10 μL CCK‐8 solution was added to each well and incubated for one to two hours. The absorbance at 450 nm was measured by the microplate reader (Synergy2; BioTek, Winooski, VT, USA). The IC50 (half maximal inhibitory concentration) value was calculated by Prism software (GraphPad Software, Inc., La Jolla, CA).

Western blot {#tca12976-sec-0009}
------------

Protein levels were detected by western blotting. Cells that were treated differently were lysed with RIPA buffer (Millipore, Temecula, CA, USA) containing protease and phosphatase inhibitor, and PMSF. Protein extracts were quantified by BCA Protein Assay Kit (Pierce, Rockford, IL, USA). After separation by SDS‐PAGE, they were then transferred onto 0.45‐μm nitrocellulose membranes (Millipore). The membrane was incubated with primary antibodies overnight at 4°C, and then the membrane was hybridized with secondary antibody (1:5000 dilution, Epitomics, China) at room temperature for one hour. The signals were visualized using the ECL system. Antibodies for Western blotting were as follows: SIRT3 (1:1000 dilution, CST); FOXO3a (1:1000, CST); E‐cad, N‐cad, vimentin (1:1000, CST); GAPDH (1:2000 dilution, Proteintech); and cleaved caspase‐3 (1:1000 dilution, CST).

Apoptosis assays {#tca12976-sec-0010}
----------------

Annexin V‐FITC/PI Apoptosis Detection Kit (Lianke, Hangzhou, China) was used to evaluate cell apoptosis after 24 hours in different concentrations of Adjudin. The apoptotic cells with fragmented and condensed nuclei were determined using DAPI staining (Beyotime Biotechnology, Shanghai, China). Finally, photographs were captured under a fluorescence microscope (Leica DMi8, Wetzlar, Germany) equipped with a digital camera.

Cell cycle assays {#tca12976-sec-0011}
-----------------

Cell cycle was determined by flow cytometry. First, 1 × 10^6^ cells were suspended in phosphate‐buffered saline and fixed with 70% ethanol. The next day, fixed cells were centrifuged at 1000 *g* for five minutes, washed with ice‐cold phosphate‐buffered saline and stained with PI/RNase staining buffer (BD, Franklin Lake, NJ, USA) for 15 minutes at room temperature. The DNA contents of cells were analyzed in an FAC Scan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA), and the data were analyzed using Modifit software (Verity Software House Company, Tosham, ME, USA).

Transwell assays {#tca12976-sec-0012}
----------------

NCI‐H446 (5 × 10^4^ cells) or DMS114 (5 × 10^5^ cells) with 1% FBS medium were seeded into an 8‐μm pore membrane or Matrigel‐coated (CORNING, Lowell, MA, USA) membrane Transwell chamber (CORNING, Lowell, MA, USA) placed in a 24‐well plate. After cell attachment, 10% FBS medium with Adjudin (40 μM) was added to the lower chamber of the 24‐well plate. After 24 hours, migrated or invaded cells were stained. They were photographed, and three microscopic fields were counted.

Scratch assays {#tca12976-sec-0013}
--------------

Confluent monolayer cells in six‐well plates were scratched and cultured with RPMI 1640 medium containing 1% FBS with or without Adjudin. Photomicrographs were taken at 0 and 24 hours after scratching. The scratch healing ratio was calculated as follows: (width of 0 hour − width of 24 hours) / width of 0 hour. Data were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

RNA interference and plasmid transfection {#tca12976-sec-0014}
-----------------------------------------

Specific short‐interfering RNAs targeting Foxo3a (si‐foxo3a) and negative control scrambled siRNAs (siRNA‐NC) were purchased from HanBio (Shanghai, China). siRNA sequences were as follows: hsFOXO3a‐siRNA (5′‐CGUGAUGCUUCGCAAUGAU‐3′ and 5′‐AUCAUUG CGAAGCAUCACG‐3′). Plasmid SIRT3‐Flag was from Addgene (The nonprofit plasmid repository, [www.addgene.org](http://www.addgene.org)). The cDNA of SIRT3 was cloned into the pLVX‐Neo‐IRES lentiviral vector (Biowit Company, [www.biowit.com.cn](http://www.biowit.com.cn)). The specific target sequences of SIRT3 (sh1: 5′‐CAACGTCACTCACTACTTT‐3′; sh2: 5′‐GGGTGCTTCAAGTGTTGTT‐3′) were cloned into the GV298 lentiviral shRNA vector. siRNAs and plasmids were transfected into NCI‐H446 and DMS114 cells by Lipofectamine 3000 with or without P3000 (Thermo Company, Waltham, MA, USA) following the manufacturer\'s instructions. Cells were replaced with fresh medium four to six hours later, and cultured for 48 hours to carry out further experiments.

Analysis of public datasets from GEO, TCGA, and Kaplan--Meier Plotter {#tca12976-sec-0015}
---------------------------------------------------------------------

Relative mRNA values of SIRT3 and FOXO3a were analyzed from the GEO database. Relative copy number and mRNA levels of SIRT3 and FOXO3a of TCGA were from cBioPortal. Linear regression and Spearman correlations between mRNA levels were conducted. Prognostic values of SIRT3 or FOXO3a mRNA levels were analyzed by Kaplan--Meier survival curves of lung cancer patients using Kaplan--Meier Plotter. The log--rank test was used for statistical analysis.

Animal studies {#tca12976-sec-0016}
--------------

Five‐week old NOD scid gamma mice were maintained in 12‐hour light/12‐hour dark cycles. Cell suspensions of NCI‐H446 (4 × 10^6^ cells) in a volume of 100 μL (phosphate‐buffered saline: Matrigel = 4:1) were injected subcutaneously into the right flanks of BALB/c nude mice with insulin injection syringes (BD). Tumors were measured by a caliper every two days. When tumors reached 6--7 mm diameter, the mice were randomly divided into different groups that received both vehicles, and treatment groups that received either Adjudin alone (75 mg/kg/2 days), paclitaxel alone (7.5 mg/kg/3 days), or a combination of Adjudin and paclitaxel (*n* = 5 per group) by intraperitoneal injection. After two weeks of treatment, tumors were collected and photographed, followed by hematoxylin--eosin staining. T/C% was calculated according to the following formula: (▵treated tumor volume / ▵control tumor volume) × 100%, ▵treated tumor volume means the average tumor volume at the end of the experiment minus the average tumor volume at the beginning of the treatment.[22](#tca12976-bib-0022){ref-type="ref"} All animal experiments were carried out in full accordance with the protocols approved by Institutional Ethics Committee of Shanghai Jiao Tong University.

Statistical analysis {#tca12976-sec-0017}
--------------------

All data were analyzed using Prism software. They were presented as the means ± SD, and statistical analysis was performed using Student\'s *t*‐tests or [anova]{.smallcaps} with Tukey\'s post‐hoc test. *P* \< 0.05 was considered statistically significant.

Results {#tca12976-sec-0018}
=======

Adjudin showed good anticancer activity in human SCLC cell lines {#tca12976-sec-0019}
----------------------------------------------------------------

The viability of NCI‐H446 and DMS114 cells after treatment with Adjudin (Fig [1](#tca12976-fig-0001){ref-type="fig"}a) at different concentrations was detected by CCK‐8 assay kit. As shown in Figure [1](#tca12976-fig-0001){ref-type="fig"}b, Adjudin decreased the viability of NCI‐H446 cells in a dose‐ and time‐dependent manner with a maximal dose of 100 μM. Similar results were observed in DMS114 cells. Meanwhile, scratch and Transwell assays showed that Adjudin (40 μM) significantly inhibited cell migration and invasion (Fig [1](#tca12976-fig-0001){ref-type="fig"}c,d). Furthermore, the epithelial marker, E‐cadherin, was upregulated, and the mesenchymal markers, N‐cadherin and vimentin, were downregulated in cells treated with Adjudin (40 μM) for 24 hours (Fig [1](#tca12976-fig-0001){ref-type="fig"}e). These results showed that Adjudin significantly inhibits SCLC *in vitro*.

Adjudin induced apoptosis and S cell cycle arrest in SCLC cell lines {#tca12976-sec-0020}
--------------------------------------------------------------------

We investigated the effects of Adjudin on cell apoptosis and cell cycle by Annexin V‐FITC/PI and PI/RNase staining, respectively. The results revealed that the proportion of early and late apoptotic NCI‐H446 cells increased 7.43‐fold after treatment with100 μM Adjudin for 24 hours compared with the control, and fourfold in DMS114 cells (Fig [2](#tca12976-fig-0002){ref-type="fig"}a). After incubation for 24 hours, 100 μM Adjudin increased the number of NCI‐H447 cells in the S phase by 19.6% compared with the control, and 15.1% in DMS114 cells (Fig [2](#tca12976-fig-0002){ref-type="fig"}b). Based on these data, Adjudin suppressed cell proliferation by regulating cell cycle and apoptosis.

![Adjudin induced apoptosis and S cell cycle arrest in small‐cell lung cancer cell lines. (**a**) Cells were treated with increased concentrations of Adjudin for 24 hours, and then apoptosis was detected using the Annexin V‐FITC/PI Apoptosis Detection Kit as detailed. The LL quadrant (Annexin V‐/PI--), LR quadrant (Annexin V+/PI--), and UR quadrant (Annexin V+/PI+) of the histograms indicated the percentage of normal cells, early apoptosis, and late apoptosis, respectively. Data are expressed as a percentage of total cells. (**b**) Cells were treated with the indicated concentrations of Adjudin for 24 hours, and the cell cycle distribution was analyzed by flow cytometry (![](TCA-10-642-g015.jpg "image")) G2/M, (![](TCA-10-642-g016.jpg "image")) S, and (![](TCA-10-642-g017.jpg "image")) G0/G1. Values are presented as the mean ± SD, *n* = 3; one‐way [anova]{.smallcaps} test: \**P* \< 0.05, \*\**P* \< 0.01 compared with the control; scale bar, 100 μm.](TCA-10-642-g002){#tca12976-fig-0002}

Knockdown of SIRT3 partially restored the anticancer effect of Adjudin on SCLC {#tca12976-sec-0021}
------------------------------------------------------------------------------

We further explored the modulatory mechanism by which Adjudin functions. We showed that Adjudin upregulated protein expression of SIRT3, FOXO3a, and cleaved‐caspase‐3 in a dose‐dependent manner in SCLC cells (Fig [3](#tca12976-fig-0003){ref-type="fig"}a) compared with the control. We next examined whether the Adjudin‐induced anticancer effect was related to SIRT3 and FOXO3a. Silencing SIRT3 by plasmid significantly reduced protein expression of SIRT3 and FOXO3a (Fig [3](#tca12976-fig-0003){ref-type="fig"}b,c), which significantly reversed the Adjudin‐induced cell growth, migration inhibition and apoptosis promotion (Fig [3](#tca12976-fig-0003){ref-type="fig"}d--f). EMT‐related markers and cleaved caspase‐3 also changed accordingly. Downregulation of SIRT3 decreased the expression of E‐cadherin and cleaved caspase‐3, but the inhibition was reduced after cells were exposed to Adjudin. The expression of N‐cadherin and vimentin was higher after transfection with silencing SIRT3 plasmid, and the promotion was restored after Adjudin treatment (Fig [3](#tca12976-fig-0003){ref-type="fig"}c). The above results demonstrated that downregulating SIRT3 could attenuate Adjudin‐induced SCLC cells inhibition.

![Knockdown of sirtuin 3 (SIRT3) partially restored the anticancer effect of Adjudin on small‐cell lung cancer. (a--c) Cells were treated with Adjudin as mentioned in Fig [1](#tca12976-fig-0001){ref-type="fig"}a. Then, the expression of sirtuin 3 (SIRT3) and Forkhead box O3a (FOXO3a) was assessed by western blotting. (**a**) GAPDH was used as a loading control NCI‐H446 (![](TCA-10-642-g018.jpg "image")) 0 μM, (![](TCA-10-642-g019.jpg "image")) 20 μM, (![](TCA-10-642-g020.jpg "image")) 40 μM, (![](TCA-10-642-g021.jpg "image")) 60 μM, (![](TCA-10-642-g022.jpg "image")) 80 μM, and (![](TCA-10-642-g023.jpg "image")) 100 μM, and DMS114 (![](TCA-10-642-g024.jpg "image")) 0 μM, (![](TCA-10-642-g025.jpg "image")) 20 μM, (![](TCA-10-642-g026.jpg "image")) 40 μM, (![](TCA-10-642-g027.jpg "image")) 60 μM, (![](TCA-10-642-g028.jpg "image")) 80 μM, and (![](TCA-10-642-g029.jpg "image")) 100 μM. (**b**) The knockdown effect of SIRT3 silencing plasmid was determined by western blotting. NCI‐H446 and DMS114 cells were transfected with vehicle or SIRT3 silencing shRNA with Lipofectamine 3000 reagent for 24 hours, and then cells were exposed to Adjudin for another 24 hours, western blot analysis of cleaved‐caspase‐3 (c‐c‐3) (Adjudin: 60 μM) and EMT‐related protein (E‐cadherin, N‐cadherin, and vimentin) levels (Adjudin 40 μM) (**c**) Vehicle (![](TCA-10-642-g030.jpg "image")) SCR, (![](TCA-10-642-g031.jpg "image")) sh1, and (![](TCA-10-642-g032.jpg "image")) sh2 and Adjudin (![](TCA-10-642-g033.jpg "image")) SCR, (![](TCA-10-642-g034.jpg "image")) sh1, and (![](TCA-10-642-g035.jpg "image")) sh2. (**d**) Cells were treated as described in Fig [3](#tca12976-fig-0003){ref-type="fig"}c (Adjudin: 60 μM). Afterwards, cell proliferation was detected using Cell Counting Kit‐8 assays NCI‐H466 (![](TCA-10-642-g036.jpg "image")) SCR, (![](TCA-10-642-g037.jpg "image")) sh1, and (![](TCA-10-642-g038.jpg "image")) sh2 and DMS114 (![](TCA-10-642-g039.jpg "image")) SCR, (![](TCA-10-642-g040.jpg "image")) sh1, and (![](TCA-10-642-g041.jpg "image")) sh2. (**e**) Apoptotic cells were assessed by nuclear fragmentation and condensation (arrows) using DAPI staining. Scale bar, 100 μm. Cells were treated similarly as in Fig [3](#tca12976-fig-0003){ref-type="fig"}c (![](TCA-10-642-g042.jpg "image")) vehicle, and (![](TCA-10-642-g043.jpg "image")) Adjudin. (f) Transwell assays were used to access cell migration. Cells were treated similarly as in Fig [3](#tca12976-fig-0003){ref-type="fig"}c, with Adjudin (40 μM) (![](TCA-10-642-g044.jpg "image")) vehicle, and (![](TCA-10-642-g045.jpg "image")) Adjudin. Data were representative of three independent experiments. Values are presented as the mean ± SD, *n* = 3; one‐way [anova]{.smallcaps} test: \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; scale bar, 100 μm.](TCA-10-642-g003){#tca12976-fig-0003}

Overexpression of SIRT3 enhanced the efficacy of Adjudin in SCLC cells {#tca12976-sec-0022}
----------------------------------------------------------------------

We further tested the potential functions of SIRT3, exploring whether SIRT3 could strengthen the effect of Adjudin on SCLC cells. Cells were transfected with SIRT3 overexpression plasmid or negative control plasmid (Fig [4](#tca12976-fig-0004){ref-type="fig"}a,b). The apoptosis rate was upregulated when SIRT3 was overexpressed, and that increase was more pronounced with Adjudin treatment (Fig [4](#tca12976-fig-0004){ref-type="fig"}c), as shown by DAPI staining. The protein level of cleaved caspase‐3 changed similarly (Fig [4](#tca12976-fig-0004){ref-type="fig"}b). Cell proliferation (Fig [4](#tca12976-fig-0004){ref-type="fig"}d) and migration (Fig [4](#tca12976-fig-0004){ref-type="fig"}e,f) were suppressed after transfection with SIRT3 overexpression plasmid; SIRT3 overexpression also decreased the expression of N‐cadherin and vimentin, and increased the expression of E‐cadherin (Fig [4](#tca12976-fig-0004){ref-type="fig"}b). Furthermore, the overexpression of SIRT3 upregulated the protein level of FOXO3a (Fig 4b). Collectively, these results confirmed that overexpression of SIRT3 enhanced the effect of Adjudin in SCLC cells.

![Overexpression of sirtuin 3 (SIRT3) enhanced the efficacy of Adjudin in small‐cell lung cancer cells. (**a**) Western blot analysis of SIRT3 and Forkhead box O3a (FOXO3a) in vector and SIRT3‐overexpressed transfected cells. After transfection for 24 hours, cells were treated with Adjudin (60 μM) for another 24 hours. (**b**) Western blot analysis of SIRT3, FOXO3A, cleaved caspase‐3 and EMT‐related marker (E‐cadherin, N‐cadherin and vimentin) levels vehicle (![](TCA-10-642-g046.jpg "image")) ctrl, (![](TCA-10-642-g047.jpg "image")) vector, and (![](TCA-10-642-g048.jpg "image")) SIRT3, and Adjudin (![](TCA-10-642-g049.jpg "image")) ctrl, (![](TCA-10-642-g050.jpg "image")) Vector, and (![](TCA-10-642-g051.jpg "image")) SIRT3. (**c**) Apoptotic cells were assessed by nuclear fragmentation and condensation (arrows) using DAPI staining. Cells were treated as described in (**b**) NCI‐H446 (![](TCA-10-642-g052.jpg "image")) vehicle, and (![](TCA-10-642-g053.jpg "image")) Adjudin and DMS114 (![](TCA-10-642-g054.jpg "image")) vehicle, and (![](TCA-10-642-g055.jpg "image")) Adjudin. (**d**) Cell proliferation was detected using Cell Counting Kit‐8 assays. Cells were treated as described in B NCI‐H446 (![](TCA-10-642-g056.jpg "image")) vector, and (![](TCA-10-642-g057.jpg "image")) SIRT3 and DMS114 (![](TCA-10-642-g058.jpg "image")) vector, and (![](TCA-10-642-g059.jpg "image")) SIRT3. (**e**) Scratch NCI‐H446 (![](TCA-10-642-g060.jpg "image")) vehicle, and (![](TCA-10-642-g061.jpg "image")) Adjudin and (**f**) Transwell assays were used to evaluate cell migration NCI‐H446 (![](TCA-10-642-g062.jpg "image")) vehicle, and (![](TCA-10-642-g063.jpg "image")) Adjudin and DMS114 (![](TCA-10-642-g064.jpg "image")) vehicle, and (![](TCA-10-642-g065.jpg "image")) Adjudin. Cells were treated similarly as in Fig [4](#tca12976-fig-0004){ref-type="fig"}b, with Adjudin (40 μM). Values are presented as the mean ± SD, *n* = 3; one‐way [anova]{.smallcaps} test: \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; scale bar, 100 μm.](TCA-10-642-g004){#tca12976-fig-0004}

Downregulation of FOXO3a reduced the efficacy of Adjudin {#tca12976-sec-0023}
--------------------------------------------------------

In our further study, we found that silencing of FOXO3a by siRNA (silencing effects were tested by western blotting, shown in Fig. [5](#tca12976-fig-0005){ref-type="fig"}a) significantly reversed the Adjudin‐induced anti‐SCLC effect (Fig [5](#tca12976-fig-0005){ref-type="fig"}c--e). Silencing of FOXO3a never influenced the expression of SIRT3 (Fig [5](#tca12976-fig-0005){ref-type="fig"}b), with or without Adjudin.

![Downregulation of Forkhead box O3a (FOXO3a) also reduced the efficacy of Adjudin. (**a**) The knockdown effect of FOXO3a siRNA was determined by western blot. (**b**) NCI‐H446 and DMS114 were transfected with control or FOXO3a siRNA with Lipofectamine 3000 reagent for 24 hours; then, cells were exposed to Adjudin (60 or 40 μM) for another 24 hours. Western blot analysis of EMT‐related protein (E‐cadherin, N‐cadherin, and vimentin) and cleaved caspase‐3 levels vehicle (![](TCA-10-642-g066.jpg "image")) ctrl, (![](TCA-10-642-g067.jpg "image")) NC, and (![](TCA-10-642-g068.jpg "image")) Si‐FOXO3a and Adjudin (![](TCA-10-642-g069.jpg "image")) ctrl, (![](TCA-10-642-g070.jpg "image")) NC, and (![](TCA-10-642-g071.jpg "image")) Si‐FOXO3a. (c) Apoptotic cells were assessed by nuclear fragmentation and condensation (arrows) using DAPI staining. (d) Cells were treated as described in Fig [5](#tca12976-fig-0005){ref-type="fig"}b. Afterwards, the cell proliferation was detected using Cell Counting Kit‐8 assays NCI‐H446 (![](TCA-10-642-g072.jpg "image")) NC, and (![](TCA-10-642-g073.jpg "image")) Si‐FOXOa and DMS114 (![](TCA-10-642-g074.jpg "image")) NC, and (![](TCA-10-642-g075.jpg "image")) Si‐FOXOa. (e) Transwell assays were used to evaluate cell migration after being treated as described. Cells were treated similarly as in Fig [5](#tca12976-fig-0005){ref-type="fig"}b, with Adjudin (40 μM) NCI‐H446 (![](TCA-10-642-g076.jpg "image")) vehicle, and (![](TCA-10-642-g077.jpg "image")) Adjudin and DMS114 (![](TCA-10-642-g078.jpg "image")) vehicle, and (![](TCA-10-642-g079.jpg "image")) Adjudin. Values are presented as the mean ± SD, *n* = 3; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; scale bar, 100 μm.](TCA-10-642-g005){#tca12976-fig-0005}

Taken together, these results suggested that SIRT3 and FOXO3a both play positive roles in Adjudin‐induced growth and migration inhibition in SCLC cells.

Adjudin upregulated FOXO3a by activating SIRT3 {#tca12976-sec-0024}
----------------------------------------------

Previously, it was reported that the SIRT3--FOXO3a signaling pathway was involved in the inhibitory effect of Adjudin on astrocyte activation.[15](#tca12976-bib-0015){ref-type="ref"} Therefore, we hypothesized that this pathway also played a significant role in the anticancer effect of Adjudin on SCLC cells. In our study, FOXO3a siRNA was used to transfect cells that had already overexpressed SIRT3. The expression of FOXO3a was downregulated after transfection, with or without Adjudin treatment (Fig [6](#tca12976-fig-0006){ref-type="fig"}a). The results showed that the increased apoptosis rate (Fig [6](#tca12976-fig-0006){ref-type="fig"}b), decreased proliferation (Fig [6](#tca12976-fig-0006){ref-type="fig"}c), and migrated cells (Fig [6](#tca12976-fig-0006){ref-type="fig"}d) were apparently reversed. In conclusion, Adjudin upregulated FOXO3a by activating SIRT3.

![Adjudin upregulated Forkhead box O3a (FOXO3a) by activating sirtuin 3 (SIRT3). (**a**) Western blot analysis of SIRT3, FOXO3A, cleaved caspase‐3, and EMT‐related proteins. NCI‐H446 cells were transfected with FOXO3A siRNA or NC siRNA in SIRT3‐overexpressing NCI‐H446 cells. After 24 hours, cells were treated with Adjudin (60 μM) for an additional 24 hours. Then, cell lysates were harvested (![](TCA-10-642-g080.jpg "image")) SIRT3+NC, (![](TCA-10-642-g081.jpg "image")) SIRT3+NC, (![](TCA-10-642-g082.jpg "image")) SIRT3+si‐FOXO3a, and (![](TCA-10-642-g083.jpg "image")) SIRT3+si‐FOXO3a. (**b**) Apoptotic cells were assessed by nuclear fragmentation and condensation (arrows) using DAPI staining. Scale bar, 100 μm. Cells were treated as described in Fig [6](#tca12976-fig-0006){ref-type="fig"}a (![](TCA-10-642-g084.jpg "image")) Vehicle, and (![](TCA-10-642-g085.jpg "image")) Adjudin. (**c**) Cell proliferation was detected using Cell Counting Kit‐8 assays. They were treated as described in (**a**) (![](TCA-10-642-g086.jpg "image")) SIRT3+NC, and (![](TCA-10-642-g087.jpg "image")) SIRT3+si‐FOXO3a. (**d**) Transwell assays were used to access cell migration. Cells were treated similarly as in Fig [6](#tca12976-fig-0006){ref-type="fig"}a, with Adjudin (40 μM) (![](TCA-10-642-g088.jpg "image")) vehicle, and (![](TCA-10-642-g089.jpg "image")) Adjudin. Values are presented as the mean ± SD, n = 3; one‐way [anova]{.smallcaps} test: \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; scale bar, 100 μm.](TCA-10-642-g006){#tca12976-fig-0006}

Adjudin synergized with paclitaxel *in vitro* {#tca12976-sec-0025}
---------------------------------------------

Having established that Adjudin can effectively inhibit cell proliferation, we sought to determine if Adjudin would synergize with chemotherapeutic drugs commonly used in SCLC treatment. We examined the concomitant combination of Adjudin with four chemotherapeutic drugs in a 1:1 ratio (Fig [7](#tca12976-fig-0007){ref-type="fig"}a): etoposide, cisplatin, irinotecan, and paclitaxel, which are clinically used in SCLC. CCK‐8 assays were performed to analyze the combination activity. Combination concentrations of individual compounds were adjusted based on their IC50 in the cells. The average combination indexes (CI)[23](#tca12976-bib-0023){ref-type="ref"} of the 50% growth inhibition were calculated for each combination. It is possible to classify the combination effect, based on the CI value, as synergistic, additive, or antagonistic. In NCI‐H446 cells, our results revealed that there was antagonism between Adjudin and cisplatin (CI average: 1.557). Adjudin weakly synergized with paclitaxel (CI average: 0.756). Adjudin combined with etoposide (CI average: 0.997) or irinotecan (CI average: 1.090) may only achieve additivity. Similar results were observed in DMS114 cells (Fig [7](#tca12976-fig-0007){ref-type="fig"}a; CI \<0.9 indicated synergy, 0.9 ≤ CI ≤ 1.1 indicated additivity, and CI \>1.1 indicated antagonism). The influence of the combination use of Adjudin and paclitaxel on the cell cycle is demonstrated in Figure [7](#tca12976-fig-0007){ref-type="fig"}b. Obviously, proportions of cells in the S and M phase were significantly increased in the combination group. In addition, combination treatment upregulated the protein expression of SIRT3 and FOXO3a (Fig [7](#tca12976-fig-0007){ref-type="fig"}c).

![Adjudin synergized with paclitaxel *in vitro*. (**a**) The proliferation of NCI‐H446 and DMS114 cells was detected using Cell Counting Kit‐8 viability assays when Adjudin was combined with cisplatin, etoposide, irinotecan, or paclitaxel in a ratio of 1:1 after 48 hours as indicated (see Methods). The results reveal synergy with paclitaxel (combination indexes \[CI\] average 0.756) (![](TCA-10-642-g090.jpg "image")) paclitaxel, (![](TCA-10-642-g091.jpg "image")) Adjudin, and (![](TCA-10-642-g092.jpg "image")) combination (1:1), antagonism with cisplatin (CI average 1.557) (![](TCA-10-642-g093.jpg "image")) cisplatin, (![](TCA-10-642-g094.jpg "image")) Adjudin, and (![](TCA-10-642-g095.jpg "image")) combination (1:1), and addition with etoposide and irinotecan (CI 0.997and 1.09, respectively) (![](TCA-10-642-g096.jpg "image")) etoposide, (![](TCA-10-642-g097.jpg "image")) Adjudin, and (![](TCA-10-642-g098.jpg "image")) combination (1:1) and (![](TCA-10-642-g099.jpg "image")) irinotecan, (![](TCA-10-642-g100.jpg "image")) Adjudin, and (![](TCA-10-642-g101.jpg "image")) combination (1:1) in NCI‐H446. (**b**) Cell cycle analysis of NCI‐H446 cells treated with Adjudin (40 μM), paclitaxel (440 nM), and the combination after 24 hours. (**c**) The protein levels of sirtuin 3 (SIRT3) and Forkhead box O3a (FOXO3a) were analyzed by western blotting NCI‐H446 (![](TCA-10-642-g102.jpg "image")) ctrl, (![](TCA-10-642-g103.jpg "image")) Adjudin, (![](TCA-10-642-g104.jpg "image")) paclitaxel, and (![](TCA-10-642-g105.jpg "image")) combination (1:1) and DMS114 (![](TCA-10-642-g106.jpg "image")) ctrl, (![](TCA-10-642-g107.jpg "image")) Adjudin, (![](TCA-10-642-g108.jpg "image")) paclitaxel, and (![](TCA-10-642-g109.jpg "image")) combination (1:1). Cells were treated as described in Fig [7](#tca12976-fig-0007){ref-type="fig"}b. Values are presented as the mean ± SD, *n* = 3; one‐way [anova]{.smallcaps} test: \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; scale bar, 100 μm.](TCA-10-642-g007){#tca12976-fig-0007}

Synergistic effect of Adjudin and paclitaxel *in vivo* {#tca12976-sec-0026}
------------------------------------------------------

After subcutaneous lung cancer mouse models were established with NCI‐H446 cells, they were randomly assigned to four groups: Adjudin (75 mg/kg/2 days), paclitaxel (7.5 mg/kg/3 days), combination (Adjudin 75 mg/kg/2 days, paclitaxel 7.5 mg/kg/3 days), or vehicle as control (Fig [8](#tca12976-fig-0008){ref-type="fig"}). The tumor was measured by a caliper every two days, and tumor volume is demonstrated in Figure [8](#tca12976-fig-0008){ref-type="fig"}a,b. Obviously, tumor growth was markedly suppressed in the combination group, compared with the vehicle group, with a T/C% value of 21.47%. By contrast, the T/C% values of the remaining groups were 66.859% (Adjudin) and 58.89% (paclitaxel), respectively. The T/C value represents relative changes of the average tumor volumes in drug‐treated groups compared with the control group.[22](#tca12976-bib-0022){ref-type="ref"} Hematoxylin--eosin staining of tumors revealed that combination treatment of Adjudin and paclitaxel decreased tumor density (Fig [8](#tca12976-fig-0008){ref-type="fig"}d). All those data revealed that Adjudin had a synergistic effect with paclitaxel *in vivo*.

![Synergistic effect of Adjudin and paclitaxel *in vivo*. (**a**) Cell suspensions of NCI‐H446 (4 × 10^6^ cells) in a volume of 100 μL were injected subcutaneously into the right flanks of BALB/c nude mice. When tumors reached 6--7 mm in diameter, the mice were randomly divided into four different groups as described. Imaging of subcutaneous tumor nodules from each group. The tumors were excised after two weeks of treatment. (**b**) The curves of tumor volumes in different groups are shown in the line chart, during two weeks of treatment (![](TCA-10-642-g110.jpg "image")) vehicle, (![](TCA-10-642-g111.jpg "image")) Adjudin, (![](TCA-10-642-g112.jpg "image")) paclitaxel, and (![](TCA-10-642-g113.jpg "image")) combination. (**c**) Mouse weights in each group were calculated every two days, according to the detection of each mouse. (**d**) Hematoxylin--eosin staining of all the tumors of subcutaneous lung cancer xenograft models was performed (![](TCA-10-642-g114.jpg "image")) vehicle, (![](TCA-10-642-g115.jpg "image")) Adjudin, (![](TCA-10-642-g116.jpg "image")) paclitaxel, and (![](TCA-10-642-g117.jpg "image")) combination. Scale bar, 100 μm. Values are presented as the mean ± SD, *n* = 3; one‐way [anova]{.smallcaps} test: \**P* \< 0.05; \*\**P* \< 0.01.](TCA-10-642-g008){#tca12976-fig-0008}

Prognostic and diagnostic values of SIRT3 and FOXO3a in lung cancer patients according to databases {#tca12976-sec-0027}
---------------------------------------------------------------------------------------------------

To test the prognostic and diagnostic values of SIRT3 and FOXO3a in lung cancer, we tried to find clues from the databases. First, we explored microarray datasets in the GEO database. As shown in Figure [9](#tca12976-fig-0009){ref-type="fig"}a, the values of SIRT3 and FOXO3a significantly decreased in SCLC tumors compared with normal tissues (65 samples in total, 23 samples were SCLC tumors, and 42 samples were normal tissues). Next, we analyzed the mRNA expression of SIRT3 and FOXO3a in NSCLC in the TCGA database in 133 lung squamous cell carcinoma and 32 lung adenocarcinoma carcinoma samples; a positive correlation between expression of SIRT3 and FOXO3a was observed in both (Fig [9](#tca12976-fig-0009){ref-type="fig"}b) subtypes. Finally, higher mRNA levels of SIRT3, FOXO3a or total were associated with longer overall survival and progression‐free survival (Fig [9](#tca12976-fig-0009){ref-type="fig"}c). Therefore, they might be potential biomarkers to evaluate the diagnosis of lung cancer patients. In conclusion, our findings revealed that SCLC patients have lower expression of SIRT3 and FOXO3a; these proteins are positively related and are associated with good prognosis in lung cancer patients.

![The prognostic and diagnostic values of sirtuin 3 (SIRT3) and Forkhead box O3a (FOXO3a) in lung cancer patients according to databases. (**a**) SIRT3 and FOXO3a levels in small cell lung cancer tumor and normal tissues from the GEO database (65 samples in total; 23 samples were small cell lung cancer tumors, and 42 samples were normal tissues; Student\'s *t*‐test, \**P* \< 0.05, \*\*\*\**P* \< 0.001). (**b**) Linear regression and Pearson correlation of mRNA levels between SIRT3 and FOXO3a in lung squamous cell carcinoma (133 samples) and lung adenocarcinoma carcinoma (32 samples) patients from the TCGA database. (**c**) Relationship between SIRT3, FOXO3a, or total mRNA level with overall survival (OS) and progression‐free survival (PFS) in non‐small cell lung cancer (NSCLC), evaluated by Kaplan--Meier Plotter. Statistical analysis was performed using the log--rank test expression (![](TCA-10-642-g118.jpg "image")) low, and (![](TCA-10-642-g119.jpg "image")) high.](TCA-10-642-g009){#tca12976-fig-0009}

Discussion {#tca12976-sec-0028}
==========

The present results showed that Adjudin inhibited SCLC cell growth and migration. We first reported that the SIRT3‐FOXO3a signaling pathway mediated the inhibitory effect of Adjudin against SCLC, and SIRT3 and FOXO3a levels might be good predictors of patients' prognosis in lung cancer. Furthermore, we also showed that Adjudin and paclitaxel are synergistic *in vitro* and *in vivo*. Surgical resection, chemotherapy, targeted therapy, and immunotherapy have acquired brilliant success in NSCLC.[24](#tca12976-bib-0024){ref-type="ref"} Small molecule cytotoxic drugs rarely have broad applications and bright prospects. However, for SCLC patients, many NSCLC‐effective drugs are not effective, and furthermore, few patients can undergo surgery.[25](#tca12976-bib-0025){ref-type="ref"} Therefore, Adjudin is a crucial discovery for SCLC. Paclitaxel belongs to the class of diterpenoid compounds (mitotic inhibitors) derived from *Taxus brevifolia* that exert efficient, broad‐spectrum chemotherapeutic effects against various cancer types.[26](#tca12976-bib-0026){ref-type="ref"}, [27](#tca12976-bib-0027){ref-type="ref"}, [28](#tca12976-bib-0028){ref-type="ref"} Paclitaxel can arrest cells in the M phase, and is one of the most widely used drugs in SCLC. However, it can cause a few side‐effects, including hair loss, allergic reactions, and so on. Other serious side‐effects include arrhythmia, bone marrow suppression, and lung inflammation. We confirmed that Adjudin was synergetic with paclitaxel, which decreased the dosage of paclitaxel and reduced side‐effects. Adjudin had additivity effects with VP‐16 or CPT‐11 (the two most commonly used chemotherapy drugs in SCLC) as well. These results suggest that Adjudin could be a potential adjuvant for chemotherapy. With the development of new treatments for cancers, Adjudin might yield better efficacy in the future. We are trying to investigate its potential in this area.

The mechanism of the synergetic combination effect is unknown. Here are several conjectures: (i) the combination significantly inhibited mitosis (results of flow cytometry analysis showed that combination group caused higher arrest rates in the S and M phases, leading to a considerable increase in apoptosis and necrosis); (ii) previous studies reported that Adjudin affected cell mitochondrial function and energy metabolism,[2](#tca12976-bib-0002){ref-type="ref"} thus after Adjudin treatment, cells became more vulnerable to paclitaxel; and (iii) upregulation of FOXO3a enhances the cytotoxicity of paclitaxel in breast cancer,[29](#tca12976-bib-0029){ref-type="ref"}, [30](#tca12976-bib-0030){ref-type="ref"}, [31](#tca12976-bib-0031){ref-type="ref"} and FOXO3a is critical for E1A gene‐mediated chemosensitization to paclitaxel in cancer cells.[31](#tca12976-bib-0031){ref-type="ref"} As shown in the present study, the combination usage significantly increased the expression level of FOXO3a.

Many lines of evidence have demonstrated a connection between sirtuins and carcinogenesis. The seven sirtuins are potential prognostic and diagnostic biomarkers for cancers.[32](#tca12976-bib-0032){ref-type="ref"} SIRT1 and SIRT7 function as oncogenes.[33](#tca12976-bib-0033){ref-type="ref"} Others are tumor suppressors.[34](#tca12976-bib-0034){ref-type="ref"} SIRT3 has been regarded as a tumor suppressor by protecting cells from reactive oxygen species accumulation, promoting oxidative phosphorylation to generate adenosine triphosphate, and regulating hypoxia inducible factor‐1α.[32](#tca12976-bib-0032){ref-type="ref"}, [35](#tca12976-bib-0035){ref-type="ref"}, [36](#tca12976-bib-0036){ref-type="ref"} However, in head and neck squamous cell carcinoma, where SIRT3 is overexpressed, SIRT3 can maintain reactive oxygen species levels at the appropriate levels, and prevent apoptosis and promote carcinogenesis.[37](#tca12976-bib-0037){ref-type="ref"} Here, we further confirmed that SIRT3 functions as a tumor suppressor in SCLC cells. Upregulation of SIRT3 enhances the antitumor effect of Adjudin. In conclusion, Adjudin targeting SIRT3 provides us with new targets for cancer therapy.

FOXO3a also has a double‐sided role. It functions as an oncogene in triple‐negative breast cancer,[38](#tca12976-bib-0038){ref-type="ref"} acute myeloid leukemia patients[39](#tca12976-bib-0039){ref-type="ref"} and so on. However, in uveal,[40](#tca12976-bib-0040){ref-type="ref"} breast, and prostate cancers,[41](#tca12976-bib-0041){ref-type="ref"} researchers found it was a suppressor gene. Research on FOXO3a has not yet been conducted in SCLC. According to the present study, FOXO3a can function as a tumor suppressor in SCLC. The effects of Adjudin, an effective FOXO3a activator, were partially abrogated by FOXO3a silencing in SCLC.

Previous evidence showed that the SIRT3--FOXO3a axis was a tumor suppressor in many cancers[42](#tca12976-bib-0042){ref-type="ref"}, [43](#tca12976-bib-0043){ref-type="ref"}, [44](#tca12976-bib-0044){ref-type="ref"} it influenced EMT,[45](#tca12976-bib-0045){ref-type="ref"} proliferation[46](#tca12976-bib-0046){ref-type="ref"} and apoptosis.[47](#tca12976-bib-0047){ref-type="ref"} Here, we confirmed that Adjudin activated the SIRT3--FOXO3a axis in SCLC, and the anticancer effect of Adjudin can be influenced by the expression levels of SIRT3 and FOXO3a. More importantly, the relative mRNA levels of FOXO3a and SIRT3 were lower in SCLC than in normal tissues, according to the GEO database. People with higher SIRT3 and FOXO3a had better prognosis (longer overall survival and progression‐free survival). The mechanism by which SIRT3 upregulated FOXO3a is not clear. Studies have shown that the Wnt signaling pathway is associated with it.[45](#tca12976-bib-0045){ref-type="ref"}, [48](#tca12976-bib-0048){ref-type="ref"} Further research is required.

In conclusion, the present study demonstrates that Adjudin is effective in SCLC cells, and synergizes well with paclitaxel both *in vivo* and *in vitro*, potentially due to Adjudin\'s effects on the SIRT3--FOXO3a axis. It is a widely studied signaling pathway whose roles vary in different cancers. Database studies have confirmed that the levels of SIRT3 and FOXO3a are closely related in NSCLC, and they are also related to the prognosis of lung cancer patients. Taken together, these results reveal that Adjudin may be available in the treatment of SCLC in the future (especially in combination with other agents), and that SIRT3 and FOXO3a levels may be good predictors of patients' prognosis in lung cancer.
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